Head and neck squamous cell carcinomas
Introduction
Head and neck squamous cell carcinomas (HNSCC) are malignancies of the upper aerodigestive tract, including the mouth, larynx, and pharynx. HNSCC represents the sixth most common malignancy in the United States and accounts for ∼500,000 new cancer cases per year worldwide (1) . Surgery, radiation, and chemotherapy are the standard treatment options for HNSCC, but relapse is seen in ∼50% of patients and the prognosis for patients with recurrent disease is poor (2, 3) . Treatments incorporating radiation or conventional chemotherapy drugs, such as cisplatin, are associated with considerable adverse toxicities. Recently, the addition of cetuximab, an inhibitor of the epidermal growth factor receptor (EGFR), to radiation therapy was found to enhance HNSCC patient survival compared with radiation therapy alone (4) . However, despite rapid approval of cetuximab for use in HNSCC by the Food and Drug Administration (FDA), improvement in patient survival with the use of this agent has been only modestly incremental. Thus, alternative strategies are needed for the treatment of HNSCC.
Efforts to devise effective targeted treatment strategies in HNSCC will rely on knowledge of the molecular defects that characterize this disease. Patient-derived primary HNSCC cells and HNSCC cell lines have been shown to overexpress a number of key signaling proteins that contribute to the enhanced growth and survival properties of these cells. HNSCC cells commonly exhibit overexpression and/ or hyperactivation of EGFR (5), signal transducer and activator of transcription 3 (STAT3; refs. [6] [7] [8] , Bcl-X L (9) , and nuclear factor κB (10) . Overexpression of EGFR has been shown to correlate with poor patient prognosis in HNSCC, whereas overexpression of the antiapoptotic protein Bcl-X L correlates with chemotherapy resistance in HNSCC patients (5, 9) . STAT3 is a key downstream target of EGFR. After activation, several tyrosine residues in the cytoplasmic domain of EGFR become phosphorylated, including Tyr1068 and Tyr1086, which serve as recruitment sites for the SH2 domain of STAT3 (11) . This leads to phosphorylation of STAT3 on Tyr705 by Janus kinases. The phospho-STAT3 (Tyr705) undergoes dimerization, translocates to the nucleus, and induces the transcription of target genes, including the genes encoding Bcl-X L , which promotes cell survival, and cyclin D1, which promotes proliferation (12) . In HNSCC, hyperactivation of STAT3 has been shown to occur through both EGFR-dependent and EGFR-independent mechanisms (8, 12, 13) . Treatment with STAT3 antisense oligonucleotides or expression of a dominant-negative (DN) STAT3 mutant results in the inhibition of HNSCC cell proliferation and survival in vitro and suppression of HNSCC xenograft tumors in vivo, supporting a key role for STAT3 in this disease (6, 14, 15) .
In view of the importance of STAT3 in HNSCC as well as other cancers, considerable effort has been devoted to identifying and developing molecular targeting agents directed against STAT3 and the STAT3 signaling pathway. Phosphotyrosyl peptides and related peptidomimetic compounds that bind to the STAT3 SH2 domain inhibit the growth of Src-transformed fibroblasts in vitro (16, 17) . A duplex decoy oligonucleotide (STAT3 decoy) based on the STAT3 response element in the c-fos promoter potently inhibits the growth of HNSCC cells in vitro and in vivo and enhances cisplatin antitumor effects (18, 19) . The STAT3 decoy is 15 bp in length, is readily taken up by cells in culture, and has shown in vivo activity against lung and breast cancer tumors in addition to HNSCC (18, 20, 21) . A number of naturally occurring compounds have also been shown to inhibit constitutive and/or inducible STAT3 activation, including guggulsterone, derived from the plant Commiphora mukul and used in traditional Indian Ayurvedic medicine. Treatment with guggulsterone reduces the expression levels of phosphorylated STAT3 in multiple myeloma cells and total STAT3 in colon cancer cells while inducing cell death in both cell types (22, 23) . Collectively, studies that use STAT3 inhibitors have suggested that targeting of STAT3 may provide therapeutic benefit in a variety of cancers including HNSCC.
In addition to EGFR and STAT3 targeting, recent studies have suggested potential promise in targeting the proteasome in HNSCC. The proteasome inhibitor bortezomib potently inhibits the growth of HNSCC cells in vitro and in vivo, and these effects are attributed, in part, to the modulation of expression of key signaling molecules that influence the proliferation and survival of HNSCC cells (24) (25) (26) (27) . Bortezomib is a specific inhibitor of the 26S proteasomal subunit and is approved by the FDA for use in multiple myeloma (28) . A clinical trial in HNSCC patients given bortezomib in combination with radiation has revealed moderate clinical activity (26, 29) . On a cellular level, treatment of HNSCC cells with bortezomib results in generation of reactive oxygen species (25) , inhibition of cell migration (30) , and induction of apoptosis (24, 25, 27) . These effects coincide with inhibition of nuclear factor-κB expression (24, 26) and induction of the proapoptotic proteins Bik, Bim, and Noxa (27, 31) . Bortezomib treatment also results in potent up-regulation of the antiapoptotic protein Mcl-1L (27) , raising the possibility that induction of antiapoptotic proteins may limit the efficacy of this anticancer agent.
In the present study, we investigated the effect of bortezomib on HNSCC cell expression of the prosurvival protein STAT3. We observed marked up-regulation of total STAT3 and phosphorylated/activated STAT3 in response to bortezomib treatment, suggesting that the activity of bortezomib may be attenuated due to up-regulation of this growthpromoting protein. In support of this, forced expression of a dominant-active (DA) STAT3 mutant led to inhibition of bortezomib-induced cell death, whereas expression of DN STAT3 or treatment with STAT3 decoy promoted bortezomib-induced death and loss of clonogenic survival. We further observed that combined treatment of HNSCC cells with bortezomib and guggulsterone yielded synergistic killing effects. We suggest that targeted inhibition of STAT3 may be a useful strategy for improving the therapeutic efficacy of bortezomib in HNSCC.
Materials and Methods
Cell Culture and Reagents UMSCC-22A and UMSCC-22B cells (hereafter, UM-22A and UM-22B, respectively) were provided by Dr. Thomas Carey (University of Michigan, Ann Arbor, MI). UM-22A and UM-22B originated from the same patient and were derived from primary tumor and a cervical lymph node metastasis, respectively (32) . Cells (1483) were kindly provided by Dr. Gary Clayman (M. D. Anderson Cancer Center, Houston, TX) and were derived from a primary tumor of the pharynx (32) . Cells were maintained at 37°C and 5% CO 2 in DMEM (Mediatech) containing 10% heat-inactivated fetal bovine serum (FBS) and 1× penicillin/streptomycin (Invitrogen).
Chemicals Bortezomib was purchased from the University of Pittsburgh Cancer Institute Pharmacy, and a stock solution (20 mmol/L) was prepared in DMSO and stored at −80°C. The Z and E stereoisomers of guggulsterone were obtained from Steraloids, Inc., and 20 mmol/L stock solutions were prepared in DMSO and stored at −80°C. For guggulsterone treatments, equimolar mixtures of the Z and E stereoisomers were added to cells to achieve the final total concentration of guggulsterone.
Luciferase Reporter Assays The cellular activity of STAT3 after treatment with bortezomib was assessed with the use of luciferase reporter assays. UM-22B cells were stably transfected with a luciferase reporter construct, pLucTKSIE (33) , containing tandem copies of the STAT3-responsive hSIE element immediately upstream from a luciferase reporter gene. Stably transfected cells were selected and maintained in 0.6 mg/ mL G418. For the luciferase assays, 2.5 × 10 6 UM-22B/ pLucTKSIE cells were seeded into 10-cm plates, grown overnight, and then treated with bortezomib for varying lengths of time. Cells were harvested by cell scraping, and assays were done with the use of Dual-Luciferase Reporter Assay System kits (Promega Corp.) according to instructions provided by the manufacturer. Luciferase activities were measured with the use of an AutoLumat LB 953 luminometer (EG&G Berthold).
Cell Viability Assays
Cellular sensitivities to various treatments were determined by 3-4,5-dimethythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and trypan blue exclusion assays. MTS assays were done on triplicate wells with the use of CellTiter 96 AQueous One Solution Cell Proliferation Assay kits (Promega). Measurements were done at 490 nm on a VersaMax microplate reader (Molecular Devices). For trypan blue exclusion assays, cells were plated in triplicate wells and, after treatment, a minimum of 300 cells were counted from each well. The plotted data represent the mean of three independent experiments and error bars represent the SE.
Treatment with STAT3 Decoy and Mutant Control Decoy Sense and antisense oligonucleotides containing the STAT3 decoy and the mutant control decoy were synthesized by the University of Pittsburgh DNA synthesis facility as previously described (18, 19) . The sequence of the STAT3 d e c o y w a s 5 ′ -C AT T T C C C G TA A AT C -3 ′ a n d 3 ′ -GTAAAGGGCATTTAG-5′ and the sequence of the mutant control decoy was 5′-CATTTCCCTTAAATC-3′ and 3′-GTAAAGGGAATTTAG-5′. Equimolar concentrations of sense and antisense strands were mixed and annealed to generate 1 μmol/L stocks that were stored at −20°C as described previously (19) . For transfection into cells, UM-22B cells were first seeded at 4 × 10 4 per well in 24-well trays. After overnight growth, cells were transfected with STAT3 decoy (6.3 nmol/L) or mutant control decoy (6.3 nmol/L) with the use of Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 4 h, the transfection medium was removed and replaced with fresh DMEM containing 10% heat-inactivated FBS and antibiotics.
Expression of DA or DN STAT3 in HNSCC Cells UM-22B cells stably transfected with the pLucTKSIE reporter construct were seeded at 2.5 × 10 5 per well in six-well plates, grown overnight, and then transfected with empty vector (pRcCMV/Neo) or constructs encoding DA STAT3 (STAT3C; ref. 34) or DN STAT3 (STAT3F; ref. 35) . For experiments measuring expression of the pLucTKSIE reporter, all cells were also cotransfected with phRL-TK (Promega), which constitutively expresses Renilla luciferase, and cells were normalized for expression of Renilla luciferase. Transfections were done with the use of Lipofectamine 2000 (Invitrogen). After 6 h, the transfection medium was replaced by medium containing 10% FBS and antibiotics, and the transfected cells were left to grow for an additional 48 h. Cells were then either left untreated or treated with 10 nmol/L bortezomib for 24 h, followed by luciferase, MTS, or trypan blue exclusion assays or immunoblotting for poly(ADP)ribose polymerase (PARP).
Colony-Forming Assays UM-22B cells were seeded at 2.5 × 10 5 per plate in six-well plates and allowed to grow for 24 h. For experiments combining STAT3 decoy (or mutant control decoy) and bortezomib, cells were transfected for 4 h with 6.3 nmol/L STAT3 decoy or mutant control decoy, followed by replacement of the transfection medium with fresh medium and treatment for an additional 24 h in the absence or presence of bortezomib. For experiments combining bortezomib and guggulsterone, cells were treated simultaneously with both compounds for 48 h. After treatment, cells were rinsed with PBS, collected by trypsinization, subjected to centrifugation, washed again in PBS, replated in six-well plates, and allowed to grow for 10 to 14 d. Colonies were stained for 30 min with the use of a solution of 0.5% crystal violet in 6% glutaraldehyde and washed repeatedly with water, and colonies composed of >50 cells were counted.
Immunoblotting Whole-cell lysates were prepared by washing adherent cells once in cold PBS, followed by detachment by cell scraping and centrifugation for 5 minat 4°C. The cell pellets were washed once in cold PBS and then resuspended in lysis buffer [50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.1% SDS, 1% NP40, 1.5 mmol/L phenylmethylsulfonyl fluoride, 3 μg/mL leupeptin, 20 μg/mL aprotinin]. After incubation on ice for 1 h, the lysates were clarified by centrifugation for 10 min at 13,000 rpm and 4°C, and the protein concentrations were determined with the use of Bio-Rad Protein Assay dye concentrate (Bio-Rad Laboratories). Proteins (40 μg/lane) were electrophoresed on 10% SDS-PAGE gels and transferred onto nitrocellulose membranes for 6 h at 40 V and 4°C. Membranes were blocked for 1 h at room temperature in 5% nonfat dry milk in TBST [10 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.1% Tween 20], followed by washing with TBST. The washed filters were incubated with primary antibodies (in 5% nonfat dry milk in TBST) overnight at 4°C. After washing with TBST, incubation with secondary antibody (in 1% nonfat dry milk in TBST) was allowed to proceed for 1 h at room temperature, followed by additional rinsing with TBST. Blots were developed with the use of Western Lightning Chemiluminescence Reagent Plus (Perkin-Elmer) and with exposure to BioMax MR film (Kodak). The following antibodies were used for immunoblotting: anti-total STAT3 (clone #9132), anti-phospho-STAT3 (Tyr705; clone #9131), and anti-PARP (Cell Signaling Technology, Inc.); anti-caspase-3 (Stressgen Bioreagents Corp.); and anti-β-actin (Sigma). Horseradish peroxidaseconjugated goat anti-rabbit (Sigma) and goat anti-mouse (Promega) were used as secondary antibodies.
Assessment of Synergy Cells were seeded at 5,000 per well in triplicate wells in 96-well plates and allowed to grow for 24 h. The cells were then treated for 48 h at 37°C with bortezomib alone, guggulsterone alone, or varying doses of a constant ratio of bortezomib plus gugglesterone. After treatment, MTS assays were done, and data were plotted as the percent of cell metabolic activity relative to untreated cells. Combination indexes were calculated with the use of CalcuSyn v2 software (Biosoft) according to the method of Chou and Talalay (36) .
Statistical Analysis Results were analyzed for statistical significance with the use of SigmaStat software (Jandel Scientific Software). Oneway ANOVA followed by Student-Newman-Keuls tests was used for comparison between groups. P < 0.05 was considered statistically significant.
Results

Bortezomib Induces STAT3 in HNSCC Cells
To determine the effect of proteasome inhibition on STAT3 expression in HNSCC cells, we treated three HNSCC cell lines with bortezomib, followed by immunoblotting for total STAT3 protein (Fig. 1A) . Cells (1483, UM-22A, and UM-22B) were treated with bortezomib concentrations corresponding to the IC 50 values for each cell line (80 nmol/L for 1483, and 20 nmol/L for UM-22A and UM-22B; ref. 27) . In all three cell lines, total STAT3 protein was up-regulated within 8 to 12 hours of bortezomib treatment, relative to that seen in untreated cells or control cells treated with 0.1% DMSO (vehicle). The up-regulation of total STAT3 protein was accompanied by increased expression of phosphorylated STAT3, as detected by immunoblotting with anti-phospho-STAT3 (Tyr705; Fig. 1B ). Phosphorylation of STAT3 on Tyr705 is known to promote dimerization of STAT3 and represents a critical step in the activation of the protein (12) . Thus, bortezomib treatment resulted in increased expression of the active/phosphorylated form of STAT3. Because 1483 cells expressed higher basal levels of total and phospho-STAT3 and exhibited greater resistance to bortezomib (IC 50 , 80 nmol/L) compared with UM-22A and UM-22B cells (IC 50 s, 20 nmol/L), we also examined bortezomib sensitivity in a larger panel (n = 9) of HNSCC cell lines expressing varying basal levels of total and phospho-STAT3 (Supplementary Fig. S1 ). These experiments failed to reveal a correlation between resistance to bortezomib and basal levels of total or phospho-STAT3.
The induction of phospho-STAT3 by bortezomib led us to predict that the total cellular activity of STAT3 transcription factor might be induced. Cellular STAT3 activity was measured with the use of a luciferase-based STAT3 reporter construct. For these studies, UM-22B cells were stably transfected with pLucTKSIE (33), containing tandem copies of the STAT3-responsive hSIE element cloned directly upstream from a luciferase reporter gene. The stably transfected UM-22B/pLucTKSIE cells were then treated with 20 nmol/L bortezomib for varying lengths of time, followed by luciferase assays (Fig. 2) . In agreement with results from immunoblotting experiments (Fig. 1) , bortezomib markedly induced cellular STAT3 activity. Peak STAT3 activity was seen at 36 hours and corresponded to an 11.4-fold increase relative to untreated UM-22B/pLucTKSIE control cells.
DA STAT3 Inhibits Bortezomib-Induced Apoptosis whereas DN STAT3 Enhances Bortezomib Killing of HNSCC Cells
Because STAT3 is known to promote the proliferation and survival of HNSCC cells, we reasoned that the induction of STAT3 by bortezomib may act to blunt the ability of this agent to kill HNSCC cells. To investigate this possibility, we examined the effect of forced expression of DA STAT3 (34) and DN STAT3 (35) on sensitivity to bortezomib. Prior studies have shown that forced expression of DA STAT3 promotes HNSCC proliferation in vitro and rapid tumor growth in vivo (13), whereas expression of DN STAT3 inhibits the proliferation and survival of HNSCC cells in vitro and in vivo (14, 15) . In Fig. 3A , UM-22B/pLucTKSIE cells . 35) . Simultaneously, the cells were cotransfected with a construct that constitutively expresses Renilla luciferase. After normalization for Renilla luciferase activity, the transfected cells were treated for 24 hours in the absence or presence of bortezomib. Immunoblotting of the transiently transfected cells for total STAT3 protein showed roughly equivalent levels of the exogenously expressed DA and DN STAT3 proteins (not shown). As expected, luciferase reporter assays showed bortezomib induction of STAT3 activity in the vector-transfected cells. Additionally, expression of DA STAT3 led to enhanced expression of the luciferase reporter in the absence of bortezomib and even further induction in the presence of bortezomib. On the other hand, DN STAT3 inhibited expression of the luciferase reporter after treatment with bortezomib. These results confirmed the ability of DA STAT3 to enhance cellular STAT3 activity and the ability of DN STAT3 to inhibit the cellular STAT3 induced by bortezomib. In separate experiments, Figure 3 . DA STAT3 inhibits bortezomib-induced cell death whereas DN STAT3 enhances bortezomib action. A, UM-22B cells stably expressing the pLucTKSIE STAT3 reporter construct were transiently transfected with RcCMV/Neo (empty vector) or constructs encoding DA STAT3 or DN STAT3. Simultaneously, the cells were cotransfected with a construct (phRL-TK) directing constitutive expression of Renilla luciferase. After normalization for Renilla luciferase activity, the transfected cells were then left untreated or were treated for 24 h with 10 nmol/L bortezomib. Luciferase assays were done to verify enhancement of cellular STAT3 activity by DA STAT3 and inhibition by DN STAT3. The fold induction of luciferase activity relative to untreated empty vector cells is shown. Columns, mean of three independent experiments; bars, SE. B, UM-22B or 1483 cells transfected with empty vector or constructs encoding DA STAT3 or DN STAT3 were left untreated or were treated for 24 h with 10 nmol/L bortezomib. After treatment, MTS assays were done on triplicate wells, and cellular metabolic activities were plotted relative to untreated empty vector cells. Bars, SD of triplicate wells. Similar results were obtained in two independent experiments. C, UM-22B or 1483 cells were transfected and treated as in B, followed by determination of cell viabilities with the use of trypan blue exclusion assays. For each data point, triplicate wells were plated, and a minimum of 300 cells per well were examined.
Columns, mean of three independent experiments; bars, SE. D, UM-22B cells transfected with the indicated constructs were left untreated or were treated for 24 h with 10 nmol/L bortezomib. Immunoblotting with anti-PARP was done to detect cleavage of full-length PARP (116 kDa) to an 89-kDa fragment. Probing with anti-β-actin was used to verify equal protein loading. The experiment was done thrice with similar results.
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UM-22B and 1483 cells expressing DA STAT3 or DN STAT3 were examined for cellular sensitivity to bortezomib with the use of either MTS assays (Fig. 3B) or trypan blue exclusion assays (Fig. 3C) . With the use of either assay, expression of DA STAT3 was found to confer modest resistance to bortezomib-induced cell death relative to vectortransfected control cells. By contrast, DN substantially enhanced sensitivity to bortezomib-induced cell death.
We next examined the effects of DA STAT3 and DN STAT3 on bortezomib-induced apoptosis signaling. UM-22B cells expressing the DA or DN proteins were treated in the absence or presence of bortezomib for 24 hours, followed by immunoblotting to detect cleavage of PARP protein (Fig. 3D) . Treatment with bortezomib led to PARP cleavage in vector-transfected control cells, an effect that was substantially reduced in cells expressing DA STAT3. Cells expressing DN STAT3, however, exhibited increased PARP cleavage relative to vector-transfected controls, consistent with the ability of DN STAT3 to confer sensitivity to bortezomib.
STAT3 Decoy Enhances Bortezomib-Induced Apoptosis and Loss of Clonogenic Survival
The findings that DA STAT3 promoted resistance and DN STAT3 promoted sensitivity to bortezomib (Fig. 3B-D) supported the contention that the up-regulation of cellular STAT3 that occurs during treatment with bortezomib (as depicted in Fig. 1 ) likely serves to blunt the efficacy of this compound against HNSCC cells. Moreover, these findings raised the possibility that inhibition of STAT3 with the use of molecular targeting agents may be a useful means for improving the potency of bortezomib. To investigate this possibility, we evaluated the effect of cotreatment with bortezomib and STAT3 decoy. The STAT3 decoy is a 15-bp duplex oligonucleotide corresponding to the STAT3 response element in the c-fos promoter (18) . The STAT3 decoy has been shown to directly bind to activated STAT3, and treatment with STAT3 decoy has been shown to inhibit cellular STAT3 activity, expression of STAT3 target genes, and proliferation and survival of HNSCC cells in vitro and in vivo (18, 19) . UM-22B cells were subjected to transfection with STAT3 decoy, followed by treatment in the absence or presence of bortezomib (Fig. 4) . As controls, UM-22B cells were transfected with a mutant control decoy (18) containing a single, inactivating point mutation, followed by treatment in the absence or presence of bortezomib. Additionally, mock-transfected cells were treated with either 0.1% DMSO or bortezomib alone. After treatment, all cells were analyzed in clonogenic survival assays. Treatment with STAT3 decoy alone or bortezomib alone resulted in readily detectable loss of clonogenic survival, whereas treatment with mutant control decoy exhibited no apparent effect. Importantly, cotreatment with STAT3 decoy and bortezomib resulted in enhanced loss of clonogenic survival compared with treatment with either agent alone (P < 0.05). By contrast, cotreatment with mutant control decoy and bortezomib failed to increase the loss of clonogenic survival seen with bortezomib alone. Similar results were obtained when cell survival was assessed by MTS assays (not shown). To determine whether cotreatment with STAT3 decoy and bortezomib would result in enhanced activation of apoptosis signaling, immunoblotting was done to detect cleaved PARP protein and the cleaved/activated form of caspase-3 (Fig. 5) . Cotreatment with STAT3 decoy and bortezomib resulted in enhanced PARP cleavage and cleavage/activation of caspase-3, relative to that seen after treatment with STAT3 decoy or bortezomib alone. Again, cotreatment with mutant control decoy and bortezomib did not enhance the activity of bortezomib alone.
Guggulsterone Synergizes with Bortezomib to Promote Apoptosis and Loss of Clonogenic Survival in HNSCC Cells
To further investigate whether inhibition of STAT3 can be used to enhance the killing activity of bortezomib against HNSCC cells, we cotreated cells with bortezomib and the plant-derived compound guggulsterone (Fig. 6) . Recent studies have shown that guggulsterone inhibits constitutive STAT3 activation in HNSCC cells and constitutive and interleukin-6 (IL-6)-induced STAT3 activation in multiple myeloma cells (23) . Therefore, UM-22A and UM-22B cells were treated for 48 hours with varying doses of bortezomib alone, guggulsterone alone, or a constant ratio of bortzomib plus guggulsterone (Fig. 6A and B) , followed by MTS assays. To assess potential synergism between these agents, combination indexes were calculated according to the method of Chou and Talalay (36) . As depicted, the combination of bortezomib plus guggulsterone resulted in combination indexes <1.0 in both cell lines, indicative of synergism.
To confirm the observed synergism between bortezomib and guggulsterone, clonogenic survival assays were done. UM-22B cells were left untreated or were treated for 48 hours with 0.1% DMSO, bortezomib alone, guggulsterone alone, or bortezomib plus guggulsterone, followed by determination of survival in colony-forming assays (Fig. 6C) . In view of the potent synergism that had been detected in MTS assays ( Fig. 6A and B) , clonogenic survival studies used a lower concentration of bortezomib (3.5 nmol/L) than was used in earlier experiments. At this concentration, treatment with bortezomib alone resulted in only a 5% loss in clonogenic survival relative to untreated cells. Treatment with guggulsterone (10 μmol/L) alone led to an ∼31% loss in clonogenic survival. Strikingly, however, the combination of bortezomib plus guggulsterone yielded a nearly 94% loss of clonogenic survival, markedly greater than that observed with either agent alone (P < 0.05).
The effect of the bortezomib/guggulsterone combination on the induction of apoptosis signaling was again evaluated by immunoblotting for PARP and caspase-3 cleavage (Fig. 6D) . Treatment for 24 hours with low concentrations of bortezomib alone or guggulsterone alone failed to result in detectable PARP cleavage or appearance of the cleaved/ activated form of caspase-3. By contrast, cleavage of PARP and caspase-3 was clearly detected in cells treated with the bortezomib/guggulsterone combination. Treatment with guggulsterone also was found to abrogate both basal and bortezomib-induced expression of antiapoptotic Bcl-X L , the product of a known STAT3 target gene ( Supplementary  Fig. S2 ). Taken together, these results indicate that combined treatment with bortezomib and guggulsterone can be used to achieve synergistic killing of HNSCC cells.
Discussion
HNSCC is a prevalent form of cancer associated with multiple sites in the upper aerodigestive tract. Over the past several decades, there has been little improvement in the 5-year survival rates for HNSCC patients (2) . Relapse is common, and recurrent HNSCC tumors are typically resistant to conventional chemotherapy drugs (3) . The use of cetuximab provides only modest clinical benefit in this disease (4) . These facts underscore the necessity of identifying and developing new strategies for treating HNSCC. One such strategy may involve the use of proteasome inhibitors such as bortezomib. Treatment with bortezomib provides significant therapeutic benefit in multiple myeloma, in which this agent has been approved for use by the FDA (28) . Although less success has been achieved against solid tumor malignancies, recent preclinical and clinical evidence shows bortezomib activity against HNSCC. Bortezomib is potently proapoptotic against HNSCC cells in vitro and inhibits the growth of human HNSCC xenograft tumors grown in mice (24) (25) (26) (27) . Clinical evaluation of bortezomib in combination with radiation in recurrent HNSCC resulted in sustained partial responses in 5 of 18 patients and temporary responses or disease stabilization in additional patients (26, 29) . Based on these findings, it is possible that optimization of bortezomib efficacy may yield substantial improvement in the therapy of this disease.
We have previously shown that bortezomib treatment of HNSCC cells results in marked up-regulation of the proapoptotic Bcl-2 family members Bik and Bim (27) . Inhibition of Bik and Bim up-regulation with the use of small interfering RNA partially attenuated bortezomib-induced apoptosis. Similarly, Fribley et al. (31) have reported up-regulation of Figure 5 . STAT3 decoy enhances bortezomib-induced apoptosis signaling. UM-22B cells were subjected to mock transfection or transfection with mutant control decoy or STAT3 decoy as described in Fig. 4 . Mock-transfected cells were then incubated for 24 h with 0.1% DMSO or 10 nmol/L bortezomib, whereas cells transfected with mutant control decoy or STAT3 decoy were incubated for 24 h in the absence or presence of 10 nmol/L bortezomib. The treated cells were subjected to immunoblotting with antibodies directed against PARP or the active form of caspase-3. Probing with anti-β-actin was used to verify equal loading. Similar results were obtained in three independent experiments. proapoptotic Noxa after bortezomib treatment and a role for Noxa in mediating bortezomib-induced HNSCC cell death. Bortezomib also inhibits the activity of constitutively active nuclear factor κB, a prosurvival protein in HNSCC (10, 24) . Collectively, the ability of bortezomib to induce the expression of proapoptotic proteins and suppress the expression and/or activity of prosurvival proteins likely accounts, in large part, for the apoptosis-inducing activity of this compound in HNSCC. However, we have also reported dramatic up-regulation of Mcl-1L in bortezomib-treated HNSCC cells (27) . Mcl-1L is an antiapoptotic member of the Bcl-2 protein family and a known proteasomal substrate (37) . Thus, bortezomib also may induce the expression of prosurvival proteins that act to inhibit the killing activity of this compound. The identification of these bortezomib-induced prosurvival proteins will provide attractive targets for strategies aimed at improving bortezomib efficacy.
In this study, we provide evidence that bortezomib induces the expression of STAT3 protein in HNSCC cells. Presumably, this occurs through inhibition of proteasomal degradation. Ubiquitination and proteasome-dependent degradation of STAT3 have been reported in the IL-6-dependent T-cell line KT-3 (38) . Bortezomib-induced up-regulation of total STAT3 protein in HNSCC cells coincided with up-regulation of phosphorylated/activated STAT3 and an increase in cellular STAT3 activity. These results contrast with those seen in multiple myeloma, in which treatment with bortezomib leads to inhibition of STAT3 activation/phosphorylation through disruption of IL-6 signaling (39, 40) . Thus, the effect of proteasome inhibition on STAT3 expression and activation may depend on the cell type or malignancy being studied.
Because previous studies have revealed important roles for STAT3 in the proliferation and survival of HNSCC cells in vitro and in vivo (6, 14, 15, (41) (42) (43) , we hypothesized that bortezomib-induced up-regulation of STAT3 may confound the killing activity of this anticancer agent in HNSCC cells. The ability of a DA STAT3 mutant to suppress bortezomibinduced death supported this hypothesis. Further support was obtained when it was determined that inhibition of cellular STAT3 activity through expression of DN STAT3 mutant resulted in enhancement of bortezomib-induced plates, grown overnight, and then treated for 48 h with the indicated concentrations of bortezomib alone, guggulsterone alone, or bortezomib plus guggulsterone. MTS assays were done, and the data were plotted as the percent of metabolic activity relative to untreated control cells. Points, mean of triplicate wells; bars, SD. Combination indexes were determined as described in Materials and Methods. Similar results were obtained in four independent experiments. C, UM-22B cells were left untreated or were treated for 48 h with 0.1% DMSO, 3.5 nmol/L bortezomib alone, 10 μmol/L guggulsterone alone, or bortezomib (3.5 nmol/L) plus guggulsterone (10 μmol/L). After treatment, clonogenic assays were done and quantified as described for Fig. 4 .
Columns, mean of three independent experiments; bars, SE. D, UM-22B cells were left untreated or were treated for 24 h with 0.1% DMSO, 3.5 nmol/L bortezomib alone, 10 μmol/L guggulsterone alone, or bortezomib (3.5 nmol/L) plus guggulsterone (10 μmol/L). Immunoblotting was done to identify cleaved PARP and the active/processed form of caspase-3. The experiment was done thrice with similar results. apoptosis signaling and cell death. Moreover, these findings suggested that targeted inhibition of STAT3 might be an effective means for improving bortezomib killing of HNSCC cells.
Molecular targeting of STAT3 was achieved with the use of the STAT3 decoy. In addition to inhibiting cellular STAT3 activity and the growth of HNSCC cells in vitro and in vivo (18, 19) , the STAT3 decoy has shown antitumor properties against preclinical models of breast and lung cancer (20, 21) . Treatment of HNSCC cells with STAT3 decoy, but not mutant control decoy, enhanced bortezomibinduced killing, confirming results obtained with the DN STAT3 mutant.
Further confirmation that targeted inhibition of STAT3 can be used to enhance bortezomib efficacy was provided by cotreating HNSCC cells with guggulsterone plus bortezomib. Guggulsterone is a plant-derived compound and is one of a number of naturally occurring compounds that have been shown to inhibit constitutive and/or inducible STAT3 activation, and include cucurbitacin I (44), curcumin (45), resveratrol (46) , capsaicin (47) , ursolic acid (48) , and galiellalactone (49) . Cotreatment of HNSCC cells with guggulsterone plus bortezomib resulted in synergistic induction of apoptosis signaling and loss of clonogenic survival. However, as with other naturally occurring compounds that inhibit STAT3 activation, guggulsterone is not entirely specific for STAT3 or the STAT3 pathway. Indeed, guggulsterone has been shown to antagonize the farnesoid X receptor (50) and also activates signaling through c-jun NH 2 -terminal kinase (51, 52) . Nonetheless, the potent synergy that was observed with the guggulsterone/bortezomib combination supports the development of a therapeutic strategy involving STAT3 inhibition as a means of optimizing bortezomib activity. In the case of the guggulsterone/bortezomib combination, further optimization may come by identifying which stereoisomer of guggulsterone is important for promoting HNSCC cell death. Guggulsterone is typically isolated as a mixture of Z and E stereoisomers, and our studies used equimolar mixtures of the two stereoisomers. However, Ahn et al. (23) have indicated that inhibition of STAT3 activation can be attributed to the Z, but not the E, stereoisomer.
Future efforts aimed at co-targeting the proteasome and STAT3 also may incorporate small-molecule inhibitors of STAT3 that are identified through high-throughput screening. In this regard, Siddiquee et al. (53) have used virtual screening to identify the small organic molecule NSC 74859 (S3I-201). NSC 74859 inhibits STAT3 DNA-binding activity with an IC 50 of 86 μmol/L and inhibits the in vitro and in vivo growth of breast cancer cells harboring constitutively active STAT3. Further refinement of NSC 74859 or isolation of new STAT3 small-molecule inhibitors will hopefully result in highly specific and potent STAT3 inhibitors that can be given as systemic agents.
In conclusion, we have shown that bortezomib induces the expression of activated STAT3 in HNSCC cells, and this diminishes the killing activity of bortezomib against these cells. Inhibition of cellular STAT3 activity enhanced the ability of bortezomib to kill HNSCC cells, with potent synergy observed with the guggulsterone/bortezomib combination. These studies suggest a novel strategy for improving therapeutic efficacy in HNSCC patients.
